The ATP binding cassette (ABC) transporter Atm1p of the mitochondrial inner membrane performs crucial roles in both the biogenesis of cytosolic/nuclear iron-sulfur proteins and cellular iron homeostasis. Since the function of the mitochondrial iron-sulfur cluster (ISC) assembly machinery is also required for these two processes, Atm1p is thought to translocate a still unknown product of this pathway to the cytosol. Here, we provide a detailed in vitro characterization of Atm1p in order to better understand its function. Atm1p was purified using an expression system in E. coli . The detergentsolubilised protein exhibits a stable ATPase activity. Reconstitution of Atm1p into proteoliposomes allowed us to determine the biochemical characteristics of the ATPase such as: (i) the strong inhibition by the transition state analogue vanadate, (ii) a K m value of 0.1 mM, and (iii) a turnover number of 127 min
Introduction
ATP binding cassette (ABC) transporters comprise a large family of proteins which translocate a broad spectrum of compounds such as sugars, lipids, peptides, proteins and hydrophobic agents across biological membranes (Higgins 1992 , Holland et al. 2003 . Members of this protein family contain two hydrophobic trans-membrane domains and two ABC domains which protrude into the soluble phase. Transport is highly specific for the substrate, is driven by the hydrolysis of ATP, and usually occurs from the side of the ABC domains to the other face of the membrane. ABC transporters are remarkably conserved in prokaryotic and eukaryotic cells. In bacteria, they are involved in, e.g., the extrusion of antibiotics or in the uptake of nutritional compounds. In the latter case they co-operate with periplasmic binding proteins which leads to reversed transport towards the side of the ABC domain. Eukaryotic ABC transporters have been detected in many cellular membranes and translocate a wide variety of compounds such as phospholipids, fatty acids, peptides, glutathione conjugates, and hydrophobic compounds (Holland et al. 2003) .
The yeast ABC transporter Atm1p is located in the mitochondrial inner membrane with its ABC domains facing the matrix space (Leighton & Schatz 1995 , Kispal et al. 1997 , Lill & Kispal 2003 . On the basis of sequence comparisons Atm1p belongs to the MDR/TAP subfamily of ABC transporters (subfamily B; Dean & Allikmets 2001) . Some members of this subfamily transport peptides such as yeast Ste6p, yeast Mdl1p or mammalian TAP1/2 (Kuchler et al. 1989 , McGrath & Varshavsky 1989 , Young et al. 2001 , Townsend & Trowsdale 1993 , Abele & Tampe 2004 . Others such as human MDR1/P-glycoprotein are involved in the membrane extrusion of hydrophobic, xenobiotic compounds (Gottesman & Pastan 1993) . Proteins with sequence similarity to Atm1p have been found throughout the eukaryotic kingdom including fungi, mammals and plants. Despite the bacterial origin of mitochondria, only few bacterial genomes contain a close sequence homologue of Atm1p. Expression of the two human counterparts of Atm1p designated ABCB7 and ABCB6 (previously termed MTABC3) as well as of the mitochondrial protein Sta1 from Arabidopsis thaliana have been shown to reverse the phenotypes associated with deletion of the yeast ATM1 gene, i.e. the strong growth defect, the cytosolic iron-sulfur (Fe/S) protein deficiency and the iron accumulation in mitochondria (Csere et al. 1998 , Mitsuhashi et al. 2000 , Kushnir et al. 2001 . Thus, these eukaryotic proteins might perform an orthologous function in mitochondria. In keeping with this notion, patients with mutations in the ABCB7 gene accumulate iron inside mitochondria (ring sideroblasts) and develop the rare neurodegenerative disorder X-linked sideroblastic anaemia and cerebellar ataxia (XLSA/A) (Allikmets et al. 1999 , Bekri et al. 2000 .
A combination of cell biological and biochemical studies has gained initial insights into the potential cellular function of yeast Atm1p. These studies documented two, not necessarily independent, roles of Atmp1. First, the transporter is involved in cellular iron homeostasis (Kispal et al. 1997) . ATM1 deletion cells (^atm1 strain) accumulate 20Á/30-fold higher amounts of iron in mitochondria relative to wild-type organelles. Recently, these studies were extended by the finding that the transcriptional activators of cellular iron uptake, Aft1p and Aft2p, respond to the signal transported by Atm1p to the cytosol (Rutherford et al. 2005) . Second, Atm1p function is required for the biogenesis of cytosolic and nuclear Fe/S proteins (Kispal et al. 1999 ). Depletion of Atm1p in the regulatable strain Gal-ATM1 leads to strong defects in cytosolic Fe/S protein activities and to impaired incorporation of 55 Fe into cytosolic and nuclear Fe/S proteins while mitochondrial Fe/S proteins are unaffected. Conspicuously, similar phenotypes of both mitochondrial iron accumulation and defects in cytosolic/nuclear Fe/S protein biogenesis were observed upon depletion of components of the Fe/S cluster (ISC) assembly machinery of the mitochondrial matrix (Kispal et al. 1999 , Schilke et al. 1999 , Li et al. 2001 , for review see . These data suggest that the ISC assembly machinery generates a compound which is exported by mitochondrial Atm1p and then may be used for both iron uptake regulation and Fe/S protein assembly outside mitochondria. The compound, however, may not be generic and hence the substrate(s) transported by Atm1p has remained elusive so far.
In this communication, we describe our work to characterize Atm1p in more detail. First, the protein was purified using a novel heterologous expression approach in E. coli and then reconstituted into proteoliposomes. This allowed us to perform a biochemical characterization of its endogenous ATPase activity. Finally, we used the fact that the ATPase activity of many ABC transporters is stimulated by specific substrates in order to identify functional groups which affect the Atm1p ATPase and hence may possess chemical properties resembling the specific substrate of Atm1p.
Materials and methods

Materials
Peptides including g-glutamyl-seryl-glycine were synthesized by Dr M. Krause (Institut for Molecular Biology and Cancer Research, Marburg) and purified by HPLC. The peptide sequences were CQI KMS KDI DGI R (designated P1-C 1 ), SQI KMS KDI DGI R (P1-S 1 ), CGD AVA EEV KKI LA (P2-C 1 ), FWL RFT (P3-C 0 ), KLC EGG CIA CGA CGG W (P4-C 4 ) (Mulholland et al. 1999 ) and KLS EGG SIA SGA SGG W (P4-S 4 ). An Ellman assay was performed for estimating the amount of SHcontaining groups. For instance, 2.4 nmol of reactive thiol per m l of a 1 mM peptide solution were found for P4-C 4 . This is somewhat lower than the theoretical value of 4 nmol/ml assuming that no disulfide bridges were formed within the peptides. No thiol compound could be detected in a 1 mM solution of, e.g., peptide P4-S 4 . This indicates that sulfhydrylcontaining contaminants were efficiently removed during purification of the peptides by HPLC. There was also no thiol reactivity detectable in a 5 mM solution of oxidised glutathione (GSSG). The apoand holoforms of the [2Fe-2S] ferredoxin PetF from Synechococcus elongatus (now designated as Thermosynechococcus elongatus ) were purified as described (Floss et al. 1997 ).
Cloning, expression and purification of Atm1p
The ATM1 gene lacking its first 26 codons was amplified by PCR using vector pYES-Su9-His8-ATM1 and inserted into vector pASK-IBA1 (IBA Gö ttingen, Germany). The fusion gene contained the coding sequence of the OmpA signal peptide, an octahistidinyl-tag, the ATM1 gene lacking its presequence, and a Strep-tag II (see Figure 1A ). The resulting plasmid was verified by DNA sequencing. The ATM1 fusion gene was expressed in E. coli BL21 cells that were freshly transformed. Cells were grown at 378C in LB medium plus ampicillin to an OD 600 of 0.8, induced by addition of 200 mg/l anhydrotetracycline and incubated for an additional 3 h. Cells were harvested and frozen at (/808C.
For purification of the Atm1p fusion protein E. coli membranes were isolated (Chang et al. 1978) . Cells were suspended in TS buffer (50 mM Tris-HCl pH 8.0, 75 mM NaCl), incubated with 1mg/ml lysozyme and 10 mM EDTA for 30 min on ice and broken by sonicating twice for 3 min. Cell debris was removed by centrifugation for 30 min at 3,000 xg . The supernatant was centrifuged again at 150,000 xg to isolate the membrane fraction. The pellet was resuspended in solubilization buffer (20 mM MOPS-KOH pH 6.5, 200 mM NaCl, 20% sorbitol), homogenized in a Potter-Elvehjem homogeniser and brought to a protein concentration of 3 mg/ml. The detergent n -dodecylmaltoside (critical micellar concentration0/0.008%) was added from a 10% stock solution to reach a final concentration of 0.5% (w/v). The suspension was incubated for 30 min on ice and centrifuged at 150,000 )/g for 1 h. The supernatant containing the solubilized Atm1p fusion protein was diluted 1:1 with purification buffer PB (100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1mM EDTA, 10% sorbitol, 0.025% ndodecylmaltoside) and the Atm1p fusion protein was purified on a StrepTactin column (IBA Göttin-gen, Germany). The resin was washed with buffer PB, until no protein eluted anymore. Atm1p was recovered from the resin with buffer PB containing 2.5 mM desthiobiotin.
Mass spectrometry and gelfiltration of purified Atm1p
Mass spectrometry of Atm1p was performed using a Bruker Daltonics Autoflex TM mass spectrometer equipped with a nitrogen laser (laser 337 nm, 3ns pulse width and 50 Hz repetition rate). The spectra were acquired after an external calibration using reference protein standards trypsinogen, protein A, Albumin-Bovine, Protein A 2'/ and AlbuminBovine 2'/ (Protein calibration standard II, Bruker Daltonics). Mass spectra were acquired in the linear positive mode with a pulsed extraction using approximately 100 laser shots and the masses assigned and processed using Biotools TM and FlexAnalysis TM software (Bruker Daltonics). Gelfiltration analysis of purified Atm1p was performed in buffer G (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 0.03% dodecylmaltoside) using a Shodex HW804 (Waters) column and a Waters 
Reconstitution of Atm1p into proteoliposomes
For reconstitution of Atm1p a protocol described earlier was adapted (Knol et al. 1996 , Knol et al. 1998 , Lambert et al. 1998 . A chloroform solution containing 41 mol% 1,2-dioleoyl-sn -glycero-3 phosphatidylcholine (DOPC), 39 mol% 1,2-dioleoyl-snglycero-3 phosphatidylethanolamine (DOPE), 2 mol% L-a-phosphatidylinositol (PI; all from Avanti Polar Lipids) and 18 mol% cardiolipin (CL, Sigma) was prepared. Chloroform was evaporated using a water-jet vacuum pump and lipid films were further dried in a desiccator. The lipid films were rehydrated by adding buffer B (100 mM Tris-HCl, pH 8.0, 50 mM NaCl), stirring with a glass marble and freezethawing of the suspension for several times in liquid nitrogen and water. The liposomes were made unilamellar by 20 passes through an extruder (200 nm membrane) and equilibrated with a small amount of n -dodecylmaltoside (1 mol per mol lipid) for 45 min at 308C. Purified Atm1p was added and the suspension was incubated for 1 h at room temperature. The detergent was removed by adsorption to BioBeads SM2 and stirring for 1 h at room temperature. To improve removal of the detergent, treatment with the BioBeads and stirring for 2 h at 48C was repeated twice.
Flotation of Atm1p in proteoliposomes
The insertion of Atm1p into the lipid bilayer was tested by flotation centrifugation (45 min, 140,000 )/g ) of the proteoliposomes through a sucrose gradient consisting of a 45%, 40%, 35% and 0% sucrose prepared in buffer B (Mayer et al. 1995) . The proteoliposomes were harvested from the 35%/0% sucrose interphase.
Other methods
ATPase was measured using a dye assay (Lill et al. 1990 ). Protein concentrations of E. coli membranes were determined using the BCA assay (Pierce). Protein content of purified Atm1p in lipid mixtures, in proteoliposomes, and in samples of Figure 3 was measured by subjecting aliquots to SDS-PAGE, subsequent Coomassie staining and densitometric analysis. The typical Atm1p protein concentration in the ATPase assay was 0.3 Á/1.4 m g/ml (0/5 Á/20 nmol/l).
Results
Heterologous expression and purification of Atm1p
Atm1p of Saccharomyces cerevisiae was produced in E. coli BL21 making use of the plasmid pASK-IBA1. To enhance membrane targeting of the protein the coding sequence of ATM1 was inserted at the 3?-end of a DNA piece encoding the OmpA signal sequence which directs translocation across the E. coli inner membrane ( Figure 1A ). To facilitate subsequent purification of Atm1p we attached an affinity tag (Strep -tag II) to the C-terminus of the protein and a His-tag to the N-terminus. Plasmids containing this OmpA-His8-ATM1-Strep fusion gene gave rise to the synthesis of significantly higher levels of Strep -tagged Atm1p compared to plasmids without the encoded signal sequence ( Figure 1B) , even though the protein still could not be detected by staining with the Coomassie dye in whole cell extracts ( Figure 1C , compare lanes 1 and 2). To further optimize the expression level, several E. coli strains were tested. The fusion protein was only produced in detectable amounts in E. coli B strains lacking the major E. coli proteases Lon and OmpT (not shown). The fusion protein was insensitive to protease digestion in spheroplasts suggesting that it had inserted into the bacterial membrane with its ABC domain facing the cytosol (not shown).
For purification of the Atm1p fusion protein, we first isolated E. coli inner membranes. No soluble form of Atm1p was detectable in the cytosolic extracts and Atm1p did not give rise to inclusion bodies (not shown). The isolated membranes were dissolved in buffer containing the non-ionic detergent n -dodecylmaltoside. The extract was clarified by centrifugation and Atm1p was purified to apparent homogeneity by affinity chromatography on a StrepTactin column ( Figure 1C) . No DnaK or GroEL (exhibiting similar molecular masses) could be detected in the purified fractions by immunostaining with specific antibodies. The yield of purified protein was 0.4 Á/1 mg/l cell culture. This was much higher than the amount of Atm1p that could be isolated after overproduction in yeast, where only 0.5 mg/l cell culture was obtained for a Strep -tagged Atm1p fusion protein (not shown). The purified recombinant protein appeared as a homogeneous peak of 68,2079/250 Da according to MALDI-TOF mass spectrometry. This mass is smaller than the calculated value of 75,604 Da for the plasmid-encoded protein. Apparently, the purified protein was proteolytically processed after integration into E. coli inner membranes. Since the C-terminal Strep -tag was still present on the purified protein and the His-tag was not detectable (see Figure 3B , and data not shown), the cleavage obviously had occurred at the N-terminus. Residual molecular mass fits perfectly to a starting point of the protein at amino acid residue 93 (9/2) of the Atm1p protein sequence, i.e., the OmpA signal sequence, the His-tag and part of the (non-conserved) mature portion of Atm1p were proteolytically removed.
The oligomerization properties of Atm1p were analysed by gelfiltration. A major peak of 260 kDa and a minor peak of 58 kDa eluted from the column ( Figure 1D ). This indicates that, in addition to the monomeric form of Atm1p, the majority of the protein is in an oligomeric, possibly tetrameric state. The ratio of the two forms depended on the isolation procedure, but both forms gave rise to active protein (see below).
Purified solubilised Atm1p exhibits an ATPase activity
Purified Atm1p in n -dodecylmaltoside-containing buffer showed an ATPase activity ( Figure 2A ). The activity was temperature-dependent, as a higher ATPase activity was found at 308C compared to 208C. The ATPase activity was linear indicating that Atm1p was stable over time. In keeping, we noted that no major loss of activity was seen upon incubation of the protein at 08C overnight (not shown). However, incubation of the protein with other detergents such as octylglucoside and Hecameg resulted in the rapid destruction of the ATPase activity (not shown). Therefore, the detergent ndodecylmaltoside was preferred for purification and also used for the reconstitution process described below.
Incubation of detergent-solubilized Atm1p with various phospholipids resulted in a stimulation of its ATPase activity. A particularly pronounced effect was found for the acidic phospholipid cardiolipin, which yielded a 5-fold stimulation of the ATPase activity ( Figure 2B ). This may indicate a specific interaction of Atm1p with phospholipids, in particular negatively charged lipids such as cardiolipin.
Reconstitution of Atm1p into proteoliposomes
The purified ABC transporter Atm1p was reconstituted into pre-formed liposomes adapting a procedure described earlier (Knol et al. 1996 , Lambert et al. 1998 ). The four most abundant phospholipids of the mitochondrial inner membrane (Zinser et al. 1991) were chosen for reconstitution to mimic the natural environment of Atm1p. The protein content and the ATPase activity were followed throughout the reconstitution procedure to optimize each step ( Figure 3A) . Our standard reconstitution procedure involved incubation of pre-formed liposomes with a small amount of n -dodecylmaltoside (1 mol/mol lipid) for 45 min at 308C, addition of purified solubilized Atm1p (1/50 of lipid mass; fraction A1 in Figure 3A ), incubation for 1 h at room temperature (fraction A2) and removal of the detergent by two incubations with the detergent adsorbent BioBeadsSM2 (fractions A3 and A4). The ATPase activity remained similar during these treatments confirming that purified Atm1p is a stable protein. and 308C in 100 mM Tris-HCl pH 8.0 containing 0.025% ndodecylmaltoside and 1 mM ATP. ATPase activity was followed by phosphate release using a colorimetric assay (Lill et al. 1989 ). (B) The four most abundant phospholipids of the mitochondrial inner membrane and purified Atm1p (in 0.025% n -dodecylmaltoside solution) were mixed and incubated at 308C for 30 min. Aliquots containing 0.14 m g Atm1p and 7.4 m g lipid were tested for their ATPase activity. Composition of lipid mixtures: PC/PE/ PI: 45% DOPC, 37% DOPE, 18% PI; CL/PC/PE/PI 18% cardiolipin, 41% DOPC, 39% DOPE, 2% PI. Bars represent the standard errors of three independent experiments. discontinuous sucrose gradient with steps of 45%, 40%, 35% and 0% sucrose concentrations. A high amount of the protein (between 20% and 60%) was recovered after flotation from the 35%/0% sucrose interface demonstrating that a fair amount of the protein was inserted into the lipid bilayer. The specific activity of Atm1p was lowered by 40% during the flotation centrifugation (fraction A5 in Figure 3A ). This is best explained by removal of residual detergent, since re-addition of minute amounts of detergent increased the ATPase activity (not shown). The specific activity of reconstituted and floated Atm1p in proteoliposomes was found to be 2.5-fold higher compared to solubilized Atm1p in detergent-containing solution (fraction Con in Figure 3A ) suggesting functional integration of the ABC transporter into the membranes.
The orientation of Atm1p after insertion into the proteoliposomes was determined by a protease protection assay. For this purpose we monitored the proteolytic accessibility of the C-terminal Streptag of the Atm1p fusion protein in floated proteoliposomes ( Figure 3B ). Proteinase K treatment yielded, in addition to uncleaved Atm1p, a shorter form which could not be detected by the Strep-tag staining procedure indicating proteolytic removal of this part of the protein. This notion was confirmed by treatment of detergent-lysed proteoliposomes with proteinase K. Under these conditions only the shorter fragment was observed ( Figure 3B) . The difference in molecular mass of the long and short forms of Atm1p fit nicely to the mass of the Streptag. We therefore conclude that the C-terminal Strep -tag was removed from the protease-resistant Atm1p by the proteinase K treatment. In proteoliposomes the shorter form was generated in a 1:1 ratio over the intact Atm1p fusion protein ( Figure  3B ) suggesting that Atm1p was inserted in a random orientation into the proteoliposomes.
Characterization of the ATPase activity of reconstituted Atm1p
We next analysed the ATPase activity of reconstituted Atm1p. A linear ATPase activity over time was found ( Figure 4A , compare also Figure 2A ). This indicates that Atm1p is stable in proteoliposomes. A characteristic property of ABC transporters is the inhibition of their ATPase activity by the transition state analogue ortho -vanadate (Senior et al. 1995 , Chen et al. 2001 . We therefore tested the effects of vanadate on the ATPase activity of reconstituted Atm1p. Addition of vanadate diminished the ATPase activity of Atm1p proteoliposomes in a concentration-dependent fashion ( Figure 4A ). At a concentration of 250 mM vanadate the ATPase was inhibited almost quantitatively (92%). We next determined the enzymatic properties of the reconstituted Atm1p ATPase. The K m -and V max -values for ATP were estimated to be 0.13 mM and 1.9 nmol phosphate/min/mg, respectively ( Figure 4B ). The turnover number was calculated to be 127 min . These values are comparable to other reconstituted ABC transporters (Senior et al. 1995 , Sun et al. 1999 , Ketchum et al. 2001 , Holland et al. 2003 . The numbers differ, however, from the biochemical parameters determined for the soluble ABC domain of S. Pombe Atm1p which exhibits only a weak and slow ATPase (K m of 0.5 mM, turnover number 0.055 min The reconstitution of purified Atm1p was carried out by detergent removal as described in Materials and Methods. After each reconstitution step an aliquot (A1 Á/A5) of the suspension was removed and tested for ATPase activity and protein content. The aliquots were chosen as follows: A1, mixture of lipid and protein; A2, same after 1 h incubation at room temperature; A3 and A4, samples after first and second detergent removal steps; A5, floated sample obtained after flotation centrifugation (see Materials and Methods). A control sample (Con) containing only purified, solubilized Atm1p and no lipids was mock-treated in 0.025% ndodecylmaltoside-containing buffer at the same temperatures as the reconstitution samples. Specific activities of the Atm1p ATPase are given for four independent experiments (error bars represent the standard deviation). (B) Membrane orientation of reconstituted Atm1p. Floated proteoliposomes (equivalent to sample A5) were treated with proteinase K (PK) and Triton X-100 (Tx-100) as indicated. Atm1p was analysed by silver staining or detected by the Strep -tag (a-Strep-tag) affinity detection system.
Stimulation of the ATPase activity by thiol-containing compounds
For many ABC transporters it is known that their endogenous ATPase activity is specifically stimulated by interaction with the transported substrate (see, e.g., Sun et al. 1999 , Ketchum et al. 2001 , Gorbulev et al. 2001 . We therefore used the Atm1p-containing proteoliposomes in an attempt to search for potential effectors of the ATPase activity and to get an idea about the chemical character of the Atm1p-specific substrate. Previously, we observed an accumulation of the thiol compound glutathione in Datm1 cells (Kispal et al. 1997) . Recently, a specific requirement of this compound for cytosolic Fe/S protein biogenesis was shown (Sipos et al. 2002) . These observations prompted us to test whether glutathione or any other thiol compound might stimulate the ATPase activity of reconstituted Atm1p. Different thiol compounds including the monothiols glutathione, cysteine and cysteinyl-glycine, as well as the dithiol DTT were tested. For comparison, the respective oxidised forms of these reagents were included in the assay. A 3.5-5 fold stimulation of the ATPase activity was observed for the reduced forms of glutathione, cysteine, cysteinylglycine and DTT at mM concentrations ( Figure  5A ). The stimulatory effect was saturable and showed a characteristic concentration-dependence for each component ( Figure 5B ). The half maximal effect of cysteine was reached around 30 m M, while for glutathione it was 20-fold higher. No significant stimulatory effect was seen with cystine and the oxidised forms of cysteinyl-glycine and DTT as well as for the non-thiol reducing agent ascorbic acid as a control. The specificity of the stimulatory effect for thiol groups is further supported by the observation that the reduced, but not oxidized form of other thiol-containing compounds such as lipoic acid and coenzyme A stimulated the Atm1p ATPase (not shown). As the only exception, oxidized glutathione (GSSG) increased the ATPase activity, yet at a rather weak efficiency similar to reduced glutathione ( Figure 5A and data not shown). Control experiments using Ellman's assay confirmed that the oxidized thiol reagents (including GSSG) did not contain relevant amounts of free thiol groups (not shown). We further tested thiol derivatives of glutathione. S-Methyl glutathione or the non-thiol derivatives g-glutamyl-seryl-glycine and ophthalmic acid (g-glutamyl-a-aminobutyryl-glycine) did not stimulate the ATPase activity of Atm1p suggesting that the free thiol group or the disulfide group of GSSG are critical for the stimulatory effect (not shown).
The Atm1p polypeptide chain contains three (non-conserved) cysteine residues raising the possibility that the ATPase activity of Atm1p was stimulated by a conformational change associated with the opening of a disulfide bridge. To test this idea the non-thiol compounds Tris(2-cyanoethyl)phosphine (TCP) and Tris(2-carboxyethyl)phosphine (TCEP) were analysed for their effects on the ATPase activity of Atm1p in proteoliposomes. Both reagents efficiently reduce disulfide bonds (Burns et al. 1991) . However, no effect of Figure 3A ) is inhibited by vanadate. Reconstituted Atm1p was incubated at 308C in 100 mM Tris pH 8.0, 50 mM NaCl, 2 mM MgCl 2 , 1 mM ATP in the presence of the sodium vanadate concentrations as indicated. The ATPase activity was estimated as in Figure 2. (B) The K m -and V max -values for ATP of reconstituted Atm1p in proteoliposomes were calculated as 0.13 mM (9/ 0.03) and 1.9 (9/ 0.4) nmol phosphate/min/m g, respectively using WordPadPrism TM non-linear regression analysis. For each ATP concentration chosen the initial rate of the reaction was determined by measurement of the ATPase activity at five time points. The data are presented according to Lineweaver-Burk. both reagents was seen on the ATPase activity of Atm1p, even when applied at high (1 mM) concentration ( Figure 5B ). These data make it unlikely that the ATPase stimulation could be caused by the opening of a disulfide bridge in Atm1p.
To further substantiate this notion, purified detergent-solubilized Atm1p was first treated with cysteine (to open putative disulfide bridges) and then incubated either anaerobically or with a high amount of N-ethylmaleimide (NEM) to prevent reoxidation. After reconstitution of Atm1p into proteoliposomes and flotation, the ATPase activity could still be fully stimulated by cysteine and other thiol compounds (not shown). In conclusion, the increase of the ATPase activity by reduced thiol compounds is caused by specific interaction of Atm1p with these components, and is not due to the opening of disulfide bonds within Atm1p.
Efficient stimulation of the ATPase activity of Atm1p by cysteine-containing peptides
Since Atm1p belongs to the class of ABC transporters encompassing the peptide transporters Ste6p and Mdl1p of yeast and TAP of mammals (Ketchum et al. 2001 , Young et al. 2001 , Gorbulev et al. 2001 , we asked whether peptides may affect the ATPase activity of reconstituted Atm1p, and whether the cysteine content in the peptides may influence the response. We found that peptides lacking cysteine residues do not modulate the Atm1p ATPase activity ( Figure 6A , 6B and data not shown). In marked contrast, peptides containing cysteine residues stimulated the ATPase activity at low peptide concentrations (B/30 mM) 3-to 5-fold. A strikingly low effective concentration (half maximal stimulation B/ 3 mM) was found for a 16mer containing four cysteine residues (P4-C 4 in Figure 6B ; Mulholland et al. 1999 ) indicating a particularly high affinity of this peptide for Atm1p. When the four cysteine residues were replaced by serine, the 16mer peptide (P4-S 4 ) did not exhibit any stimulatory effect on the ATPase activity of Atm1p demonstrating that the thiol groups were critical for the effect. We conclude that the ATPase activity of Atm1p is not altered by peptides, unless they contain cysteine residues. Thus, Atm1p most likely is not a general peptide transporter, but is specifically modulated by thiol groups.
We finally tested whether proteins would affect the ATPase activity of Atm1p in proteoliposomes. To analyse the influence of free thiol groups, we employed the apo-and holoforms of the [2Fe-2S] ferredoxin PetF from S. elongatus (containing five cysteines among 98 residues; Floss et al. 1997) . The apoform strongly increased the ATPase activity of Atm1p with a half-maximal stimulation as low as 1 mM ( Figure 6C ). In contrast, the holoform was far less effective. This stimulatory effect is fully explained by the 15% contamination of the holoprotein preparation with the apoform suggesting that the holoform did not appreciably affect the ATPase activity of Atm1p. In conclusion, any component containing sulfhydryl groups was able to stimulate the ATPase activity of Atm1p in floated proteoliposomes. A particularly strong effect was seen with thiol-containing peptides and proteins.
Discussion
In our current study we present a biochemical characterization of the mitochondrial ABC trans- The ATPase activity of floated Atm1p proteoliposomes was measured in the presence of increasing concentrations of cysteine, DTT, GSH, and of the reducing agents Tris(2-carboxyethyl)phosphine (TCEP) and Tris(2-cyanoethyl)phosphine (TCP). For the latter two reagents, no stimulatory effect was seen, whereas the thiol-containing compounds increased the ATPase activity in a concentration-dependent fashion.
porter Atm1p. We first used a novel expression strategy to synthesize yeast Atm1p in E. coli in yields high enough to readily purify the protein to apparent homogeneity and to allow subsequent biochemical studies. For expression, we attached an N-terminal bacterial signal sequence to Atm1p which largely increased the protein amount as compared to standard expression. The addition of a bacterial signal sequence may have facilitated more efficient targeting of Atm1p to the plasma membrane and/or facilitate better membrane integration thus preventing aggregation. Purification of Atm1p was eased by a C-terminal Strep -tag which allowed a one step affinity purification using isolated E. coli plasma membranes as a starting material. The yields of purified Atm1p (0.4 Á/1 mg/l E. coli cell culture) are higher than those reported for other ABC transporters (see, e.g., Ketchum et al. 2001 , Gorbulev et al. 2001 , Sun et al. 1999 . Therefore, our protocol may provide a general strategy for the recombinant production of other ABC transporters in high yields, particularly for mitochondrial ABC transporters which are not glycosylated. The purified, detergent-solubilized Atm1p appeared mainly as an oligomer, possibly a tetramer. Previously, Atm1p was found to form a homodimer in an ATP-dependent fashion, but higher order structures were not excluded in this study (Chloupkova et al. 2004) . Solubilized Atm1p in the nonionic detergent n-dodecylmaltoside exhibited an ATPase activity which was stable over time. Other detergents such as octylglucoside rapidly destroyed the ATPase activity indicating the importance of the detergent for the purification procedure. The ATPase activity of soluble Atm1p was increased by the addition of lipids, mainly negatively charged phospholipids such as cardiolipin. We conclude that in the lipid bilayer Atm1p may specifically interact with phospholipids such as cardiolipin.
For a detailed functional characterization, we chose to reconstitute purified Atm1p into proteoliposomes. Reconstituted Atm1p exhibited a stable ATPase activity which was strongly inhibited by the transition state analogue o-vanadate. Further, we determined the kinetic parameters of the ATP hydrolysis reaction with K m 0/0.13 mM, V max 0/1.9 nmol phosphate/min/m g, and k cat 0/127 min Á 1 . These numbers compare well to reports for a number of eukaryotic ABC transporters that have been purified and biochemically characterized such as Ste6p, ABCR, and TAP (Ketchum et al. 2001 , Sun et al. 1999 , Gorbulev et al. 2001 . In summary, our biochemical data on Atm1p fit well to the overall properties of ABC transporters, classify the protein as a bona fide representative of this family, and hence . Efficient stimulation of Atm1p ATPase activity by cysteine-containing peptides or proteins. Atm1p was reconstituted into proteoliposomes, floated on a sucrose gradient and tested for ATPase activity in presence of different concentrations of peptides (A and B) and proteins (C). Part A shows two cysteine-containing peptides (P1-C 1 , P2-C 1 ) and two peptides without a cysteine residue (P1-S 1 , P3-C 0 ). Part B documents the efficient stimulation of the Atm1p-ATPase activity by a peptide containing four cysteine residues (P4-C 4 ), but not by its derivative, where the cysteine residues were replaced by serine residues (P4-S 4 ). In part C the apo-and holoforms of the S. elongatus ferredoxin PetF were incubated with Atm1p-containing proteoliposomes and the ATPase activity was recorded as above. Note that the preparation contains about 15% apoform. For comparison the ATPase activity of the proteoliposomes was recorded in the presence of cysteine. All data are presented relative to the value obtained without further additions. Data are the mean of three independent experiments; the bars represent the standard deviation.
show that our reconstitution system is well suited for the molecular analysis of Atm1p function.
The substrate of Atm1p likely is a (direct or indirect) product of the mitochondrial ISC assembly machinery, but so far has remained elusive, mainly because it may not be a generic compound (for discussion see . Therefore, one of the goals of this study was to define chemical properties of the potential substrate by identifying functional groups that stimulate the ATPase of Atm1p. It is well-known that physiological substrates of ABC transporters usually stimulate their ATPase activity (Holland et al. 2003) . Since Atm1p belongs to the group of peptide transporters (subgroup B) and shares sequence similarity with S. pombe Hmt1p which translocates glutathione-derived compounds into vacuoles (Ortiz et al. 1995) , we were particularly interested in testing the effects of peptides and glutathione-like molecules. We used proteoliposomes obtained by flotation centrifugation for these experiments to assure that the entire population of Atm1p is membrane-integrated. A wide variety of components was assayed and as a striking consensus it was found that any compound containing free sulfhydryl groups was able to stimulate the ATPase activity of Atm1p by a factor of 3.5 Á/5. The components include amino acids (cysteine), short peptides (Gly-Cys and GSH), cofactors (lipoic acid and coenzyme A), and organic substances (DTT). The half-maximal concentration for stimulation was ranging from 30 mM for cysteine to 300 mM for glutathione. The effect of the thiol compounds was only seen for proteoliposomes or when lipids were present. Several lines of arguments argue against the possibility that this stimulatory effect was due to the reduction of intra-or intermolecular disulfide bonds within Atm1p. First, Atm1p does not contain conserved cysteine residues. Second, the redox potential of the compounds did not match their efficacy in the ATPase stimulation. Third, reduction by various reagents such as ascorbic acid, TCP, and TCEP which are known to efficiently open disulfide bridges did not significantly alter the ATPase activity of Atm1p. Finally, treatment of Atm1p with DTT and subsequent reaction of the free thiol groups with alkylating reagents (NEM) did not affect the stimulatory effect of sulfhydryl-containing compounds on the ATPase activity of Atm1p. Together, these data demonstrate the specificity of the ATPase stimulation for thiol groups, and make it unlikely that the increased ATPase activity may be caused by the opening of a disulfide bridge and a subsequent conformational change affecting the ATPase reaction.
The high specificity of the ATPase stimulation for thiol compounds is demonstrated by the observation that the respective oxidised forms did not affect the ATPase activity of Atm1p. The only notable exception was the oxidised form of glutathione (GSSG) which was found almost as effective as reduced glutathione (with the relatively weak half maximal stimulation around 600 mM). The reason for this finding is unknown, but it appears that the peptide backbone also exhibits a stimulatory effect. At least in part, this may be explained by the fact that glutathione plays a critical role in the same pathways as Atm1p. Its depletion in yeast causes a specific defect in the maturation of cytosolic Fe/S proteins and strongly induces the iron regulon via the transcription factors Aft1p/Aft2p (Sipos et al. 2002 , Rutherford et al. 2005 ). The precise function of glutathione in these processes is still unknown and awaits the functional reconstitution of the Atm1p-driven export process with isolated mitochondria in vitro. It should be noted in this context that ABC transporters of the MRP family respond to glutathione-S derivatives like S-methyl glutathione and ophthalmic acid, yet the Atm1p ATPase was not stimulated by these compounds (Holland et al. 2003 ; not shown).
Our study excludes that Atm1p is a general peptide transporter, since peptides did not stimulate its ATPase activity unless they contained cysteine residues. In that sense, Atm1p behaves differently than other peptide-translocating members of the subgroup B of ABC transporters such as Ste6p, Mdl1p, and TAP (Ketchum et al. 2001 , Young et al. 2001 , Gorbulev et al. 2001 . Overproduction of Mdl1p, another mitochondrial ABC transporter, has been shown to functionally complement an ATM1 deletion mutant (Chloupkova et al. 2003) suggesting that these two mitochondrial ABC proteins can, at least in part, perform the same function. The partial adoption of the Atm1p function by Mdl1p may also explain why the former is not essential in yeast, as are numerous components of Fe/S protein biogenesis . A comparatively potent stimulation of the Atm1p ATPase was detected, when the peptides contained multiple cysteine residues. The half-maximal stimulation for the two peptides/proteins tested, a 16mer with four cysteine residues and an apo-ferredoxin from S. elongatus (five cysteines in 98 residues), was as low as 1 mM. Even when we consider the molar amount of these cysteines, the stimulatory effect was achieved at much lower thiol concentrations than with compounds containing single sulfhydryl groups (5 versus 30 mM half-maximal effect). This finding suggests that the physiological substrate of Atm1p may contain multiple sulfhydryl groups in a peptidic environment.
In our study, we have determined important biochemical properties that result in the activation of the Atm1p ATPase function and thus may be crucial hints for the identification of the native substrate. The idea that Atm1p may transport a peptidic compound with multiple thiol groups is intriguing for an additional reason. Another member of the ISC export machinery, Erv1p in the intermembrane space, is known to oxidise sulfhydryl groups to form disulfide bonds (Lee et al. 2000 , Farrell & Thorpe 2005 , Mesecke et al. 2005 . It is therefore tempting to speculate that the putative free thiol groups translocated by Atm1p are oxidised by Erv1p. This reaction may stabilise the compound in the intermembrane space and facilitate its functional participation in cytosolic and nuclear Fe/S protein maturation by interaction with the CIA machinery and by activation of the Aft1p/Aft2p transcription factors for the regulation of cellular iron uptake. The ATPase stimulation assay described here should now open the way to purify the physiological substrate of Atm1p, e.g., from isolated mitochondria in which Atm1p has been inactivated.
